Partial sequences from serologically characterized yam mosaic potyvirus (YMV) isolates were determined in conserved (helper-component proteinase, HC ; nuclear inclusion b, NIb) and variable (first protein, P1 ; third protein, P3 ; and coat protein, CP) regions of the potyviral genome in order to investigate the intraspecies molecular diversity of YMV. Multiple sequence alignments and pairwise comparisons were used to quantify the sequence polymorphism in these regions. Two levels of diversity were observed among YMV isolates : above 90 % nucleotide (nt) sequence identities were found between YMV isolates of the same group (intragroup) regardless of the region considered, whereas identities between isolates from different groups (intergroup) were lower and depended upon
Introduction
Yam mosaic virus (YMV), a member of the genus Potyvirus (Thouvenel & Fauquet, 1979) , is a highly destructive pathogen of yam (Dioscorea spp., Dioscoreaceae). Infected plants usually show leaf green vein-banding, interveinal mosaic, curling, mottling and stunted growth and the disease can result in significant yield losses in this important food crop (Thouvenel & Dumont, 1990) . The virus is aphid transmitted in the nonAuthor for correspondence : Claude Fauquet.
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The sequences reported in this paper have been deposited in the GenBank nucleotide sequence database (accession numbers : U53422, U53423, U53424, U53425, U53426, U53427, U53428, U53429, U53430, U53431, U53432, U53433, U53434, U53435, U53436, U53437, U53438, U53439, U53440, U53441). the protein chosen. For instance, the average intergroup nt sequence identity between YMV isolates was about 65 % in the P1 protein and the N terminus of the CP while there was more than 80 % nt identity in the HC, P3 and NIb proteins. Thus P3 appeared to be conserved between YMV isolates even though this region was variable between potyvirus species. Similar analysis of the intraspecies molecular diversity of other potyviruses (potato virus Y, zucchini yellow mosaic virus, plum pox virus, pea seed-borne mosaic virus) led to the same results : (i) two levels of intraspecies molecular diversity were found (intragroup and intergroup) ; (ii) intraspecies molecular diversity differed from interspecies molecular diversity in the P3, P1 and Nterminal regions. persistent manner as well as through vegetative propagation. In nature YMV has been found in several species of Dioscoreaceae and can be mechanically transmitted to Nicotiana benthamiana, Nicotiana megalosiphon and Chenopodium amaranticolor. Like other potyviruses, YMV has flexuous filamentous particles (Thouvenel & Fauquet, 1986) ca. 785 nm long consisting of one single stranded positive-sense RNA molecule with a poly(A) tail, encapsidated by ca. 2000 copies of a 34 kDa coat protein (CP). The genome of the YMV Ivory Coast isolate (112) is 9608 nucleotides (nt) in length (Aleman et al., 1996) and contains a single open reading frame which is translated into a polyprotein of 3103 amino acids (aa) that is believed, on the basis of homologies with other potyviruses, to be processed into nine or more smaller proteins by virusencoded proteases (Riechmann et al., 1992) .
The diversity between YMV isolates has been analysed previously by two different methods. Monoclonal antibodies (MAbs) raised against YMV placed 69 YMV isolates into two distinct serogroups comprising four different electrophoretic mobilities of CP (Goudou-Urbino et al., 1996) . These data were used to show that the important serological and molecular diversity of these YMV isolates was not correlated either with the host or with the geographical origin of the isolates. Recently, the nt sequence of the N terminus of the CP was determined for six YMV isolates (Duterme et al., 1996) . Comparison of the deduced aa sequences showed 70n4-95n7% sequence identity, distinguishing closely related from distantly related strains of YMV. Both studies, therefore, pointed out the considerable molecular diversity of the YMV CP but, to date, no information concerning the extent of the genetic diversity in the rest of the genome has been reported.
Amongst all genes of the potyviral genome the CP gene is most frequently selected for studies of genetic diversity. The 3h-terminal position of the CP in the viral genome has contributed to the availability of a large number of CP sequences for different potyviruses (Shukla et al., 1994) and comparison of CP aa sequences has allowed discrimination between species and strains (Shukla & Ward, 1988) of the genus Potyvirus. An updated comparison of CP sequences has led to a classification of members of the family Potyviridae into genera, distinct species, related species and strains (Ward & Shukla, 1994 ; Shukla et al., 1994) . Other regions of the potyviral genome, such as the 3h untranslated region, have also been used to identify and classify potyviruses (Frenkel et al., 1989 ; Habera et al., 1994) .
When looking at the genetic diversity of the full genome sequences of four distinct potyvirus species, Shukla et al. (1991) showed that the first protein (P1), the third protein (P3) and the N-terminal domain of the CP are the most variable regions of the potyviral polyprotein, while the replicase (nuclear inclusion b, NIb) is the most conserved protein. However, it is unclear whether regions that are variable between potyvirus species (interspecies molecular diversity) are also variable between strains of the same species (intraspecies molecular diversity). Indeed, comparisons between strains of one species showed a high level of sequence identity (94-99 %) regardless of the gene product being considered (Ward et al., 1992 (Ward et al., , 1995 , suggesting that intraspecies diversity was extremely low. Nevertheless, sequence analysis of the 5h untranslated region and the P1 coding region of several potato virus Y (PVY) isolates revealed much sequence polymorphism and allowed the classification of these isolates into similar groups using either region for comparison (Tordo et al., 1995) . Wisler et al. (1995) also observed a high sequence variability in the P1 coding regions of different zucchini yellow mosaic virus (ZYMV) isolates. Both studies showed that a great degree of intraspecies molecular diversity occurred in the P1 coding region. Yet, outside of the P1 coding region, the intraspecies diversity in the other regions of the potyviral genome has remained unknown.
In order to develop molecular diagnostic techniques as well as control strategies against YMV, it is essential to quantify the genetic variability of this viral pathogen. The primary objectives of the study reported here were (i) to determine the degree of genetic diversity within the YMV species by quantifying the sequence polymorphism of the YMV genome in both conserved and variable coding regions ; and (ii) to compare the sequence polymorphism of the YMV genome to the intraspecies diversity observed for other potyvirus species for which sequences were available. This, we believe, is the first time that intraspecies diversity has been investigated in several regions of the genome of one potyvirus species.
Methods
Isolates and virus maintenance. The abbreviations and geographical origin of the YMV isolates analysed in this paper are shown in Table 1 . Six CP sequences obtained from GenBank (Duterme et al., 1996) were used for multiple sequence alignment : YMV-12, YMV-COT, YMV-CAR, YMV-TOG, YMV-BU1 and YMV-BU2. All isolates were propagated in N. benthamiana.
RNA extraction, RT-PCR and cloning of PCR products. Total RNA from infected N. benthamiana was extracted as described by Verwoerd et al. (1989) . First-strand cDNAs were synthesized by reverse transcription of total RNA with Superscript II RNase Hk free reverse transcriptase (RT ; Gibco BRL), as suggested by the manufacturer, using potyvirus-specific degenerate primers or YMV-specific primers. After 1 h at 42 mC, the products of reverse transcription were treated with 2n5 units\µl of RNase H (Gibco BRL) for 30 min at 37 mC. The second-strand of cDNA was synthesized and double-stranded DNA amplified by PCR. The positions of the primers used in this study are indicated in Fig. 1 . We used YMV-112-specific oligonucleotides MA20 (5h GGAATTCGCAA-TGGCATTCGTGATG 3h), complementary to nt 132-149, and MA21 (5h GGGGTACCGTATAATTCTTCCACTATCTCC 3h), complementary to nt 873-894 of the YMV-112 genome, to amplify a 723 bp fragment (720 bp for YMV isolate AIA) covering the N-terminal twothirds of the P1 protein (without the first 5 aa). Underlined nucleotides are not complementary to the viral sequence. About 459 bp encoding the central part of the helper-component proteinase (HC) were amplified using a potyvirus degenerate oligonucleotide, 5BIS1 (5h CTTIGT\ AAAG\ATCT\CTTIGC 3h), and a YMV-112-specific primer, 12A-13F (5h GGATGCTAATGGGAATTTT 3h), complementary to nt 1628-1646 of the YMV112 RNA. YMV112-specific primers 14B-20I (5h TAAGA-CAACAGGATGATC 3h) and MA13 (5h CGGAATTCGCTGTACCT-GCCTCC 3h), complementary to nt 2590-2607 and to nt 3000-3014 of the YMV-112 genome, respectively, were used to amplify a 390 bp fragment comprising the N terminus of the P3 region (excluding the first 62 aa). A fragment of variable length (1379 bp for YMV-112 and YMV-AIA, and 1343 bp for other isolates) encompassing part of the NIb and the CP was amplified using two potyvirus degenerate primers, NEB (5h GGGGTACCGTITGT\CGTIGAT\CGAT\CTTT\CAAT\CAA 3h ; sequence provided by S. G. Jensen ; USDA-ARS Lincoln, Ne., USA) and CPAD (5h CGGAATTCCA\GTTITCIATA\GCACCAIAT\CC 3h ; previously designed by Langeveld et al., 1991) .
PCR reactions were carried out using 2n5 units of Taq DNA polymerase (Gibco BRL) in 100 µl of the manufacturer's buffer supplemented with 4 mM MgCl # , 2n5-5 pmol of each primer, 250 µM of each dNTP and a one-quarter volume of the reverse transcription reaction. PCR took place in a thermocycler (Trio-Thermoblock, Biometra) using the following settings : 1 cycle of 94 mC for 4 min, 3 cycles of 94 mC for 30 s, from 42 to 48 mC for 30 s, 72 mC for 1 min 30 s ; 26 cycles of 94 mC 
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* References : a, Aleman et al. (1996) ; b, this report ; c, Duterme et al. (1996) . This histogram is based on the polyprotein alignment of 14 potyvirus species (Aleman et al., 1996) . The height of the bars and the shades of grey are related to the strength of one sequence agreement to a consensus sequence. The darkest shade and the highest bars indicate the agreement of most potyviral sequences to the consensus sequence given in the alignment. Primers used for this study are indicated with their names by arrows. The size of the amplified fragment is given below a horizontal line symbolizing the amplification (not to scale).
for 30 s, from 48 to 60 mC for 30 s, 72 mC for 1 min 30 s and 1 cycle of 72 mC for 10 min. PCR products were then separated on 1n0 % agarose gels and bands of the expected size were excised and purified with GeneClean II (Bio 101). The purified fragments were directly ligated into the plasmid vector pCR II (Invitrogen). DNA sequencing and sequence analysis. Double-stranded DNAs representing the PCR-derived clones were sequenced in both directions by the dideoxynucleotide chain termination method (Sanger et al., 1977) using an Applied Biosystems model 373A DNA sequencer. The sequence data were used in sequence alignment and pairwise comparisons. The following potyvirus sequences were also used for sequence comparisons : pea seed-borne mosaic virus strains DPD1 and NY (PSbMV ; Johansen et al., 1991 Johansen et al., , 1996 , plum pox virus strains Sour Cherry, Aphid Non Transmissible, Rankovic, D, PS, SK68 and El Amar (PPV-SC, Maiss et al., 1994 ; PPV-NAT, Maiss et al., 1989 ; PPV-R, Laı! n et al., 1989 ; PPV-D, Teycheney et al., 1989 ; PPV-PS, J. A. Garcia, personal communication ; PPV-SK68, Palkovics et al., 1993 ; PPV-El Amar, Wetzel et al., 1991) , potato virus Y strain N, French and Hungarian isolates (PVY-Fr, Robaglia et al., 1989 ; PVY-H, Thole et al., 1993) ; zucchini yellow mosaic virus strains Florida, California and Reunion (ZYMV-Flo, Quemada et al., 1991 , Wisler et al., 1995 ZYMV-Ca, Balint et al., 1990 ; ZYMV-Re, Baker et al., 1994) . The Clustal algorithm from the MegAlign software of the DNASTAR package (version 1.02, DNASTAR) was used to align nucleotides and deduced amino acid sequences and for calculating a pairwise distance matrix. None of the sequences of the amplification primers was included in the alignments or in the pairwise comparisons. The alignments obtained were used as inputs to generate phylogenetic trees. Phylogenetic relationships were analysed using the cladistic M.-E. Aleman-Verdaguer and others M.-E. Aleman-Verdaguer and others parsimony method of the program PAUP version 3.1.1 (Swofford, 1992) . The heuristic method generated a consensus tree using the tree-bisectionreconnection option : the bootstrap option of PAUP was used to assess the robustness of the data (5000 replications). A random sequence of equal length and composition obtained in GeneAlign was included in all phylogenetic analyses. Trees were unrooted and the random sequence together with PVY-N, which were included as outgroups in the analysis, were not used as roots. Amino acids were grouped as defined by Dayhoff (1978) .
Results
Sequence diversity of YMV isolates was investigated in three variable regions (P1, P3 and the N terminus of the CP) and in two conserved regions (C-terminal two-thirds of the NIb and central part of the HC) of the potyviral genome (Fig.  1) . The interspecies diversity of these five regions had been defined previously, based on a polyprotein alignment of 14 potyvirus species (Aleman et al., 1996) . Nucleotide sequences in these five regions were determined for six YMV isolates that had been biologically and serologically characterized (GoudouUrbino et al., 1996) . These sequences were analysed according to a three-step approach including sequence alignment and search for conserved motifs implicated in the function of the analysed protein, pairwise comparisons and cladistic parsimony studies. After being defined as described, the intraspecies molecular diversity of YMV was then compared to those of PSbMV, PPV, PVY and ZYMV.
P1 sequence comparisons
Clustal multiple alignment of the P1 aa sequences (Fig. 2 a) showed a single deleted aa at position aa 15 for the isolate BCFG Polymorphism of YMV genomes Polymorphism of YMV genomes Gaps inserted to optimize the alignment are indicated by dashes. In the P1 coding region, conserved residues involved in P1 proteolytic activity are circled. In the HC coding region, the conserved ' PTK ' motif, ' CCC ' motif and the repeated motif ' LAIGN ' are boxed. In the P3 coding region, leucine residues conserved among all potyvirus species are circled.
YMV-AIA. The variation between isolates was evenly distributed except for a box of 24 aa starting at aa 42-65, a region which is strictly conserved. In this region of 72 nt, the frequency of nt changes was the same as for the rest of the cloned fragments but all the variations occurred in the third codon position. Residues H (201\202) and D (210\211), involved in the proteolytic activity of tobacco etch virus (TEV) P1 (Verchot et al., 1992) , were conserved among the six YMV isolates.
Based on the pairwise percentage identity or similarity exhibited (Table 2 a), the different isolates could be grouped into two clusters. The percentage nt identity observed for group I, which includes the isolates originating from BurkinaFaso, ranged from 94n3-98n5 %. YMV-AIA and YMV-112, which form group II, shared 93n8 % nt identity. In all the pairwise comparisons, the percentage aa similarity was slightly less than the corresponding percentage nt identity. The intergroup nt sequence identities ranged from 63n9-67n2% while the percentage aa similarity varied from 66n7-71n0%.
The phylogenetic tree given in Fig. 3 (a) was congruent with the groupings deduced by pairwise comparisons. Isolates YMV-AIA and YMV-112 of group II formed a cluster distinct from a second cluster which included the Burkina-Faso isolates. In this latter cluster, three of the Burkina isolates which formed a subcluster appeared to be more closely related to each other than to YMV-BF48. PVY-N plus a random sequence clearly clustered apart from the YMV isolates indicating that these latter isolates are probably members of a distinct potyvirus species.
HC sequence comparisons
Little variation was observed in the central part of the HC coding region (Fig. 2 b) and was primarily grouped between aa 45-71. The CCC motif at position aa 85-87, which is involved in the long-distance movement of TEV (Cronin et al., 1995) , was identical in YMV isolates as was the PTK motif at position aa 103-105, which is required for aphid transmission of ZYMV (Huet et al., 1994) . The LAIGN sequence was repeated twice, at positions aa 41-45 and aa 108-112, and was well-conserved between YMV isolates. The IGN motif of the first LAIGN box is a highly conserved motif in the HC of potyviruses and has been shown to be involved in TEV cell-to-cell and\or longdistance movement (Cronin et al., 1995) .
The YMV isolates were clustered in the same two groups for HC as for the P1 coding region (Table 2 a). Nucleotide sequence identity was about 97n2-100 % within group I and 97n4 % within group II whereas intergroup nt identity ranged between 81n5-83n5 %. In all pairwise comparisons the aa sequence similarity was higher than the nt sequence identity.
The pattern of the consensus tree (Fig. 3 b) obtained from the HC aa sequence alignments was similar to that for P1. Group II formed one cluster distinct from members of group I, which clustered together.
P3 sequence comparisons
Despite the variation observed between P3 proteins of distinct potyviruses (Shukla et al., 1991) , few differences were noted within the P3 of YMV strains (Fig. 2 c) . Several leucine residues which are conserved amongst potyviruses were wellconserved within the YMV isolates (Aleman et al., 1996) .
BCFH
The pairwise percentages of identity and similarity in P3 were greater than 80 % (Table 2 b). As previously noted, group I shared 95n2-100 % nt sequence identity while group II had 99n2 % nt identities whereas the intergroup nt identity was only 79n8-82n9 %. The slightly higher percentage aa similarities observed for all the aa pairwise comparisons indicate that this protein is well-conserved between YMV isolates.
The 50 % majority-rule consensus tree obtained from this alignment is shown in Fig. 3 (c) . Whereas YMV-AIA and YMV-112 clustered together, all Burkina-Faso isolates formed one BCFI Polymorphism of YMV genomes Polymorphism of YMV genomes tight cluster similar to that found for the P1 and HC comparisons.
NIb sequence comparisons
In the alignment of the NIb amino acid sequences displayed in Fig. 4 (a) six of the eight motifs shared by all RNAdependent RNA polymerases of positive-strand RNA viruses (Koonin, 1991) were identified, and were conserved among all YMV isolates. Outside of these conserved motifs, other minor differences were scattered randomly within the fragment.
Pairwise comparisons given in Table 2 (b) showed two groupings observed previously for the other regions. Nucleotide identities ranged from 97n4-99n7 % within group I and 95n8 % within group II whereas intergroup nt identities were from 82n0-83n1 %. As for the HC and P3 regions, aa similarities were greater in most comparisons. Fig. 4 (d) represents the phylogenetic tree based on the NIb alignment and reveals the same general pattern as observed for the P1, HC and P3 regions.
CP sequence comparisons
A Clustal multiple alignment, including our results and previously reported CP sequence data, is presented in Fig. 4 (b) .
The deduced CP sequences of the YMV isolates varied in length ; those of Burkina-Faso isolates were 138 aa in length while the other isolates were 155 aa long. A deletion of 12 aa (at position aa 22-38) was found therefore in the N-terminal CP of the Burkina-Faso isolates in agreement with previous results (Duterme et al., 1996) . The core region, which is predicted to start at position aa 55\67 (Burkina-Faso isolates\ other isolates) contained fewer variations than the N-terminal domain as is the case for other species (Shukla et al., 1994) . The DAG tripeptide at position aa 13-15, which is required for aphid transmission of tobacco vein mottling virus (Atreya et al., 1991) , was absent in some isolates. Three of these, namely YMV-BF54, YMV-BF56 and YMV-BF60, all originating from Burkina-Faso, had a threonine instead of alanine at this position. This variation in the conserved DAG tripeptide is predicted to affect the aphid transmission of these isolates as reported by previous aphid transmission assays (Goudou-Urbino et al., 1996) . We also noted that, despite the large variation observed in the N-terminal domain, the first residue of the CP, an alanine, was strictly conserved in all YMV isolates, as is the case in most potyviruses except PVY (Shukla et al., 1994) The different isolates were classified according to their global percentage sequence similarity or identity in the CP (Table 2 c). As shown in Table 2 (a) and 2 (b), groups I and II Fig. 4 . Multiple aa sequence alignment of YMV NIb (a) and CP (b). The consensus sequence stands above the alignment. Dots indicate aa identical to the consensus and gaps are shown as dashes. Conserved motifs in the RNA-dependent RNA polymerases among positive-strand RNA viruses are boxed. Generally conserved residues are circled and conserved residues amongst potyviruses are underlined. In the CP coding region, the conserved ' DAG ' motif is boxed and a double arrow indicates the predicted trypsin cleavage site.
were identified but they included supplementary individuals, and two new groups, III and IV, were defined when the sequences of Duterme et al. (1996) were added. Group I included all isolates (six in total) exhibiting the 12 aa deletion and displaying 94n7-100 % nt identities (95n7-100 % aa similarities). The group II nt sequence identity ranged from 90n7-99n1 % (86n7-98n7 % aa similarities) and contained an additional isolate, YMV-12. Group III included YMV-TOG and YMV-COT, which had 97n8 % nt identities and 97n3% aa similarities. YMV-CAR was the only member of group IV and was most similar to group III (81n9-82n3 %). The intergroup nt identity was about 70 % between group I and group II, 69n7-73n7 % between groups II and III and 74n5-76n9% between groups I and III. In the N terminus of the CP (below the diagonal in Table 2 c), the intragroup percentage identities or similarities were in the same range as those found for the whole CP fragment, while the intergroup nt identities and aa similarities decreased, respectively, to about 10 % and 20 %. This confirms that the N terminus of the CP is the most variable region of this protein (Shukla et al., 1994) .
The phylogenetic tree deduced from the CP alignment is presented in Fig. 3 (e) . Considering only the isolates for which P1, HC, P3, NIb and CP sequences are available, the overall branching pattern was similar to those observed for the trees analysed previously. Within group I, three Burkina-Faso isolates (YMV-BF54, YMV-BF56 and YMV-BF60) were grouped in the same cluster as that observed in the tree deduced from the P1 region. Members of group II clustered together along with YMV-12. All four groups were supported by independent branches originating from a common node, illustrating the lack of hierarchical relationships between them. It should be noted that some isolates did not cluster together despite their common geographical origin. This was the case of YMV-COT with YMV-112 and YMV-12 as well as of YMV-CAR with YMV-AIA while YMV-112 and YMV-AIA or YMV-TOG and YMV-COT clustered together despite their distinct origin.
Comparison of the intraspecies molecular diversity of YMV, PSbMV, PVY, ZYMV and PPV
As for the YMV species, we investigated the intraspecies molecular diversity for selected potyviruses including PSbMV (two strains), PPV (seven strains), PVY (two strains) and ZYMV (three strains) based upon the availability of sequences in GenBank corresponding to those determined for the YMV isolates. Groups of strains were first defined for each species according to pairwise comparisons, after which pairwise percentage nt identities or aa similarities were calculated as arithmetical means within a group (intragroup) or between groups (intergroup).
Analysis of the pairwise comparisons given in Table 3 showed that intragroup identity remained high (above 90 % nt identity or aa similarity) regardless of the region of the genome considered, whereas intergroup identity varied greatly. Thus for HC, P3 and NIb, the intergroup relationships always reached above 82 % nt identity and 90 % aa similarity. For P1 and CP the level of intergroup identity observed was specific to the potyvirus species analysed. For instance, when considering P1, low values were found for the YMV, PSbMV, PVY and ZYMV species (below 70n0 % nt identity or aa similarity) whereas a high intergroup identity was observed for the PPV species (above 90n0 % nt identity or aa similarity). Similarly, the intergroup identity of CP was lower than 75n0 % nt identity for the YMV, ZYMV and PPV species while higher means of 82n8 % and 81n3 % nt identity, respectively, were found for the PVY and PSbMV species. When considering only the N-terminal region of CP, which has been characterized as the most variable part of this protein (Shukla et al., 1994) , the intergroup nt identity dropped below 65n0% (61n0 % aa similarity) for the YMV, ZYMV and PPV species whereas it remained high for the PVY and PSbMV species (above 78 % nt identity and 81 % aa similarity). According to these results, P1 and\or the N terminus of the CP would appear to be the only regions of the potyviral genome among those analysed in this study in which a high intraspecies molecular diversity is found.
Discussion

Intraspecies molecular diversity of YMV
In this study we quantified the genetic diversity at various positions in the genome of YMV by cloning and sequencing fragments of variable length in five regions, P1, HC, P3, NIb and CP, for six YMV isolates. Considering only these six isolates the resulting trees obtained from the alignments of the different proteins displayed the same general pattern with two distinct clusters, one formed by the Burkina-Faso isolates and the other composed of the isolates from Ivory Coast (YMV-112) and Guadeloupe (YMV-AIA). These results, based on molecular data, are in complete agreement with the serological discrimination previously observed (Goudou-Urbino et al., 1996) .
For the tree obtained from the CP alignment, in general, the clustering of isolates did not correlate with the geographical origin nor with the host and confirmed previous serological data ( Goudou-Urbino et al., 1996) . This might be explained by the fact that tubers are disseminated between geographical regions. A larger sampling might reveal, however, a clustering in accordance to the host and the geographical origin as was found for members of group I. Indeed, when considering only members of group I, we noted that all these isolates originated from Burkina-Faso and were recovered from Dioscorea cayenensis-rotundata. Furthermore, some of these isolates (YMV-BF48, YMV-BF54, YMV-BF56 and YMV-BF60) were members of serotype 1, which means that they are recognized by only three of the four MAbs against which they were tested (Goudou-Urbino et al., 1996) . Since it is known that the MAb which did not react with these isolates recognizes an epitope Table 3 . Nucleotide identities and amino acid similarities (in bold) for the P1, HC, P3, Nlb, CP and N terminus of the CP coding regions of the YMV species in comparison with four potyviruses, PVY, PSbMV, ZYMV and PPV * For each potyvirus, we used the following isolates and classified them in groups according to pairwise comparisons: for YMV, the groups are the ones previously defined; for PVY, PVY-Fr (Robaglia et al., 1989) and PVY-H (Thole et al., 1993) form two independent groups; for PSbMV, PSbMV-DPD1 ( Johansen et al., 1991) and PSbMV-NY (Johansen et al., 1996) belong to two separate groups; for ZYMV, ZYMV-Flo (Quemada et al., 1991; Wisler et al., 1995) and ZYMV-Ca (Balint et al., 1990) form group I while ZYMV-Re (Baker et al., 1994) belongs to group II; for PPV, PPV-SC (Maiss et al., 1994) , PPV-NAT (Maiss et al., 1989) , PPV-R (Lain et al., 1989) and PPV-D (Teycheney et al., 1989 ) make up group I and group II contains PPV-PS (J. A. Garcia, personal communication) and PPV-SK68 (Palkovics et al., 1993) while PPV-El Amar (Wetzel et al., 1991) is a member of group III. Note that sequences for the P1, HC and P3 coding regions of PPV-E1 Amar and for Nlb of ZYMV-Flo are not available.
† The pairwise percentage nt identities or aa similarities are given as arithmetical means. The dark-grey background emphasize intraspecies variations while the mottled background highlights interspecies variations. ‡ The limits of the coding regions analysed here are the ones described in Methods. The N terminus of the CP was defined by the trypsin cleavage site based on alignments.
located in the N terminus of the CP (Goudou-Urbino et al., 1996) , we propose that the 12 aa deletion observed for these isolates is probably part of the epitope targeted by this MAb or is immediately adjacent to it. In addition, these isolates were found in only one cultivar, ' Pilimpikou yam ', of D. cayenensisrotundata. This yam cultivar is cultivated only in the Pilimpikou Plain of central Burkina-Faso because of its specific adaptation to the dry climate of this area and a lack of tuber trade with the other yam-producing areas (Goudou-Urbino et al., 1996) . Consequently, we hypothesize that the tight clustering of these isolates results from a co-evolution between this cultivar and YMV.
Intraspecies molecular diversity can be different from interspecies molecular diversity
Interestingly, the P3 protein appears to be highly conserved between YMV isolates with more than 90 % aa similarity, despite its high molecular diversity between potyvirus species (33n7 % aa identity). A possible criticism of our study is that this analysis considers only a small fragment of the P3 coding region. Nevertheless, by comparing the complete P3 amino acid sequences of available strains from several potyviruses, including PPV (six strains), PVY (two strains) and ZYMV (three strains), we observed that the P3 region is also highly conserved within a given potyvirus species. The P3 nt identity ranged from 27-45 % between different potyviruses species, and increased up to 81-99 % between strains of a given species (data not shown). Similarly, in the small region of the P3 analysed in this study (Table 3) , we observed an average of 38n9 % nt identity between species and 85n4-95n3 % nt identity within a given species. This shows that P3 is variable between potyvirus species but conserved among different strains of a potyvirus species, demonstrating that for some genes, intraspecies molecular diversity can be distinctly different from Polymorphism of YMV genomes Polymorphism of YMV genomes interspecies molecular diversity. Indeed, P1 and the N-terminal CP, which have both been shown to be the most variable regions of the genome when comparing different species (Shukla et al., 1991 ; Ward et al., 1995) , appear to be either conserved or variable depending on the potyvirus for which intraspecies molecular diversity is investigated. For example, P1 was variable for all potyviruses (less than 70 % nt identity or aa similarity) except for the PPV species (above 95 % nt identity or aa similarity). Similarly, for the N-terminal CP, a high variation was noted for the PPV, YMV and ZYMV species (less than 65 % nt identity or aa similarity) while the percentage nt or aa identity remained high for the PSbMV and PVY species (above 78 %).
Intraspecies molecular diversity of potyviruses
A common feature of all potyvirus species is that the intragroup nt\aa identity is above 90 % regardless of the sequence chosen (Table 3) . By contrast, the intergroup identity varies according to the region of the genome. By considering the intergroup identity, several patterns of genetic diversity can be observed among the potyvirus species. As a first pattern of diversity, the genome of the PVY species displays much diversity in the P1 protein with 64n7 % intergroup nt identity while the other proteins are very conserved (more than 80 % intergroup nt identity) and the same holds true for the PSbMV species. A second pattern of diversity can be found in the PPV species where most of the sequence variation is found in the CP, which exhibits 61n7 % intergroup nt identity. Similar diversity has been observed previously in the PPV CP (Cervera et al., 1993) . Finally, as found for the YMV species, ZYMV illustrates a third pattern of diversity, i.e. that observed in the P1 region (55n7 % intergroup nt identity), similar to that in the N terminus of the CP (62n2 % intergroup nt identity). These results demonstrate that high genetic diversity can be found either in the P1 and\or in the N terminus of the CP of a potyvirus species. It should be noted, however, that despite the different levels of diversity found in the variable regions (P1 and CP) and the conserved regions (HC, P3 and NIb) of the YMV RNA, the clustering pattern displayed in the trees remained the same. One can infer from this observation that no significant recombination has occurred between the analysed YMV isolates. However, further analysis of additional YMV isolates might reveal evidence of recombination, a phenomenon previously demonstrated between PPV strains (Cervera et al., 1993) or suggested for PVY strains Tordo et al., 1995) . Indeed, when analysing the CP and the 3h non-translated region, Revers et al. (1996) detected intraspecies recombination for four potyviruses out of eight tested, but no interspecies recombination was found.
In this investigation, we have shown that the greatest degree of diversity found in the YMV genome lies in P1 and the N terminus of the CP. The latter domain, therefore, is proposed as a suitable region for discriminating between YMV isolates because of the correlation with the variability in the P1 protein. Furthermore, we have pointed out that two levels of variation, intragroup and intergroup, exist between strains of YMV as well as in all potyvirus species analysed so far, a situation which differs from the unique level of variation described by Ward et al. (1992 Ward et al. ( , 1995 . Indeed, intragroup comparisons always rank above 90 % identity (in nt as well as aa) regardless of the protein considered whereas intergroup comparisons generally show less than 90 % nt identity. For each species analysed, more than 90 % aa similarities were always found in the intergroup comparisons of the HC, P3 and NIb regions as if there were only two regions for a potyvirus species where diversity can be tolerated ; either the P1 protein and\or the N terminus of the CP. Furthermore, these observations pointed out the differences between intraspecies molecular diversity and interspecies molecular diversity as illustrated in P1, P3 and the N-terminal region of the CP.
